Continuously tunable and coherent radiation in the wide range 56.8 1618 mm (0.18 -5.27 THz) has been achieved as a novel and promising terahertz source based on collinear phase-matched difference frequency generation in a GaSe crystal. This source has the advantages of high coherence, simplicity for tuning, simple alignment, and stable output. The peak output power for the terahertz radiation reaches 69.4 W at a wavelength of 196 mm (1.53 THz), which corresponds to a photon conversion efficiency of 3.3%. A simple optimization of the design can yield a compact terahertz source.
Terahertz (THz) pulses generated by subpicosecond laser pulses based on photoconduction and optical rectification with a broad bandwidth have found many applications, such as THz imaging, THz spectroscopy for studies of carrier dynamics and intermolecular dynamics in liquids, and dielectric responses of molecules, polymers, and semiconductors. 1 -8 A tunable and coherent THz source is one of the key elements for applications such as chemical identif ication, biomedical diagnostics, and THz spectroscopy. 8, 9 For example, THz-probing technology exhibits a unique potential for label-free detection of a DNA binding state. 9 Furthermore, it was recently demonstrated that cw THz waves can be used to detect cancer. To achieve these important applications and therefore to create a new era for THz science and technology a compact, efficient, and coherent THz source is essential. However, so far the only such source that has wide tunability in the wavelength range 30 3000 mm has been costly free-electron lasers. 8 Ideally, newgeneration THz sources should have the advantages of compactness, broad tunability, simple alignment, and stable THz output. cw THz radiation generated by optical-heterodyne (photo) mixing faces the unbreakable barrier of low output power (in the range of microwatts).
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Another technique is based on nonlinear difference-frequency mixing in nonlinear optical (NLO) crystals. 12 For example, 4-dimethylamino-N-methyl-4-stilbazolium-tosylate (DAST) was recently used to generate coherent THz waves that are tunable from 120 to 160 mm but with the highest output energy of only 52 fJ͞pulse (average power of 52 pW) through difference-frequency generation (DFG). 13 A THz optical parametric oscillator was recently investigated by use of LiNbO 3 . 14 However, large absorption coefficients of LiNbO 3 and DAST in the THz domain result in low eff iciencies and limited tunability. 13, 14 Coherent THz emission based on intersubband transitions has not yet been implemented. 15 -17 In our recent study of coherent THz radiation we showed that, among the many NLO crystals such as LiNbO 3 , LiTaO 3 , ZnGeP 2 , GaSe, DAST, CdSe, GaP, and GaAs, GaSe has the lowest absorption coefficients in the THz wavelength region. 18 -20 Such a low absorption coefficient is extremely important for coherent THz generation because the overall conversion efficiency is limited by the effective absorption length. Furthermore, this material has a large birefringence. Consequently, phase matching can be achieved in an ultrabroad wavelength range. Even though GaSe has the potential to reach THz optical parametric oscillation (OPO) with a single pump beam, 19 DFG offers relative compactness, simplicity for tuning, straightforward alignment, much lower pump intensities, and stable THz output. Indeed, unlike OPO, DFG does not require a complicated alignment procedure, even if wavelength tuning is required. The high secondorder NLO coeff icient ͑d 22 54 pm͞V͒ and large f igure of merit d eff 2 ͞n 3 for GaSe make that compound the superior material for efficient THz generation. We can actually def ine a new f igure of merit, d eff 2 ͞n 3 a 2 , in addition to the absorption coeff icient in the THz wave. It turns out that the value of this f igure of merit for GaSe is a factor of ϳ9 3 10 4 larger than that of bulk LiNbO 3 at ϳ200 mm.
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The experimental setup is shown in Fig. 1 . As a DFG pump source we used a Nd:YAG laser (duration, 10 ns; pulse energy, 6 mJ; repetition rate, 10 Hz). As a second (tunable source) we used the output of a b-BaB 2 O 4 -based optical parametric oscillator pumped by the third harmonic of the same laser with the following parameters: duration, 5 ns; pulse energy, 3 mJ; repetition rate, 10 Hz. The peak intensity for the Nd:YAG pump beam was ϳ17 MW͞cm 2 , which is below the optical damage threshold 30 MW͞cm 2 of GaSe for similar pulse durations. 18 This pump intensity was ϳ30 times lower than that used for achieving THz OPO in LiNbO 3 .
14 The THz wave generated from the GaSe crystal was collimated and then focused into a Si bolometer by two off-axis parabolic metal mirrors. We f irst used a 15-mm-long z-cut GaSe crystal with a 35 mm 3 20 mm elliptical aperture and no antiref lection coatings. For type-oee phase-matching (PM) interaction (o and e indicate ordinary and extraordinary polarization, respectively, of the beams inside the GaSe crystal), the effective NLO coefficients for GaSe depend on the PM ͑u͒ and azimuthal ͑w͒ angles as d eff d 22 cos 2 u cos 3w.
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To optimize d eff , azimuthal angles of w 0 ± , 160 ± , 1120 ± , 6180 ± can be chosen such that jcos 3wj 1, as was conf irmed in our experiment. Figure 2 shows the external PM angular tuning curves for the type-oee collinear DFG THz radiation. We observed the phase-matching peaks by varying u and one of the pump wavelengths (circles in Fig. 2 ). Tunable and coherent THz output radiation in the extremely wide range 56.8 1618 mm (0.18-5.27 THz) was achieved; see the inset of Fig. 2 . The short-wavelength cutoff for the THz output is due to the presence of the narrow lattice absorption band for GaSe, which peaks at 40 mm.
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The longwavelength end, however, is limited by the measurable THz signal because it decreases as the output wavelength increases. Fig. 1 . Each of the measured THz wavelengths was consistent with that determined from the wavelengths of two incident pump beams used for DFG.
This THz radiation had a pulse duration of 5 ns and a repetition rate of 10 Hz. The measured THz peak output powers for the 15-mm-thick GaSe crystal at different THz output wavelengths are shown in Fig. 4 . We also plotted the measured THz peak output powers versus the output wavelength for two other GaSe crystals with lengths of 4 mm and 7 mm. The three GaSe crystals have different THz tuning ranges: 56.8 810 mm for 4 mm, 56.8 944 mm for 7 min, and 56.8 1618 mm for 15 mm. They also have different maximum THz peak output powers with different corresponding peak wavelengths: 4 mm, 10.5 W at 106 mm; 7 mm, 17.0 W at 146 mm; and 
where T j 4n j ͑͞n j 1 1͒ 2 is the Fresnel transmission coeff icient for each facet and the subscripts j 1, 2, 3 correspond to the THz wave and the two pump waves, respectively, Da ja 2 1 a 3 2 a 1 j, and w is the beam size for the pump. Typically, w is measured to be ϳ1 mm. The theoretical conversion eff iciencies, which correspond to the three maximum output powers cited above, are calculated to be 3.1 3 10 25 , 9.6 3 10 25 , and 4.4 3 10 24 , respectively.
In conclusion, an efficient and coherent THz source that is tunable in the extremely wide range 56.8 1618 mm has been achieved. The maximum peak output power reached 69.4 W at 196 mm, with a pulse width of ϳ5 ns. These tuning ranges and peak powers are much superior to those obtained previously by DFG. 12, 13 Compared with THz generation based on OPO, highly eff icient THz waves can be generated from a GaSe crystal by use of much lower pump intensities. 14 Moreover, the DFG output wavelengths and powers are much more stable than those based on OPO. Our result has laid a solid foundation for what is to our knowledge the first commercial THz source that is tunable in the broad frequency domain. We have demonstrated that GaSe is indeed the best nonlinear optical material used for THz generation in terms of absorption coefficient in the THz domain and of the nonlinear coeff icient. Following our result, it is feasible to achieve cw emission by use of DFG in GaSe, although one should use pump wavelengths much longer than 1 mm to avoid two-photon absorption.
